Abstract Recessive mutations in GJC2, the geneencoding connexin 47 (Cx47), cause Pelizaeus-Merzbacher-like disease type 1, a severe dysmyelinating disorder. One recessive mutation (p.Ile33Met) has been associated with a much milder phenotype--hereditary spastic paraplegia type 44. Here, we present evidence that a novel Arg98Leu mutation causes an even milder phenotype--a subclinical leukodystrophy. The Arg98Leu mutant forms gap junction plaques in HeLa cells comparable to wild-type Cx47, but electrical coupling was 20-fold lower in cell pairs expressing Arg98Leu than for cell pairs expressing wild-type Cx47. On the other hand, coupling between Cx47Arg98Leu and Cx43WT expressing cells did not show such reductions. Single channel conductance and normalized steady-state junctional conductance-junctional voltage (G j -V j ) relations differed only slightly from those for wild-type Cx47. Our data suggest that the minimal phenotype in this patient results from a reduced efficiency of opening of Cx47 channels between oligodendrocyte and oligodendrocyte with preserved coupling between oligodendrocyte and astrocyte, and support a partial loss of function model for the mild Cx47 associated disease phenotypes.
Introduction
The connexins (Cxs) are a family of highly homologous integral membrane proteins, most of which can form gap junctions (GJs) that allow ions and small molecules to diffuse between adjacent cells [38] . Connexins assemble into hexameric connexons (hemichannels). Many connexons can form functional GJs by associating with a like connexon (a homotypic junction) or a different one (a heterotypic junction). At least six connexins have been identified in CNS glia--Cx26, Cx30, and Cx43 in astrocytes, and Cx29/Cx30.3, Cx32, and Cx47 in oligodendrocytes [3] . Astrocytes can form homologous GJs (A/A GJs) comprised of Cx30:Cx30, Cx43:Cx43, and perhaps Cx26:Cx26 homotypic channels, oligodendrocytes can form homologous GJs (O/O GJs) comprised of Cx32:Cx32 and Cx47:Cx47 homotypic channels [20, 42] , and oligodendrocytes can form GJs with astrocytes (O/A GJs) comprised of Cx32:Cx30 and Cx47:Cx43 [28] and perhaps Cx47:Cx30 heterotypic channels [20] .
Recessive mutations in GJC2, the gene that encodes Cx47, are associated with Pelizaeus-Merzbacher-like disease type 1 (PMLD1), also known as hypomyelinating leukodystrophy type 2 (HLD2). PMLD1/HLD2/PMLD1 is phenotypically similar to Pelizaeus-Merzbacher disease (PMD), also known as HLD1 which is an X-linked disease caused by a subset of PLP1 mutations. PLP1 encodes proteolipid protein (PLP), an intrinsic membrane protein that is the major protein component of CNS myelin. PMD/ HLD1 and PMLD1/HLD2 individuals have severely impaired motor development in their first year with gait difficulties to the point of truncal instability, spasticity, pendular nystagmus, and cognitive impairment. Brain MRI of the brain shows abnormal findings in the white matter in children affected with either PMD/HLD1 or PMLD1/ HLD2, which is often termed ''hypomyelinating''. A subset of PLP1 mutations results in a milder phenotype, spastic paraplegia type 2 (SPG2), characterized by a childhood late-onset myelopathy with a spastic gait.
We previously reported a family with a late-onset, progressive spastic gait disorder associated with MRI changes in the brain white matter (SPG44). This phenotype was caused by a homozygous recessive mutation in GJC2 and is termed hereditary spastic paraplegia type 44 (SPG44) [29] . Unlike the PMLD1-associated mutants, Pro87Ser, Tyr269Asp, and Met283Thr, which appear to be retained in the endoplasmic reticulum and do not form functional GJs [27] , the Ile33Met mutant associated with SPG44 formed gap junction plaques indistinguishable in quality and quantity from those formed by wild-type (WT) Cx47. The Ile33Met mutant, however, had an altered conductancevoltage relationship to such an extent that the Cx47 cell-cell channel was predicted to be closed at all voltages. We speculated that Cx47 might have both coupling-dependent and coupling-independent functions that the Ile33Met mutation caused a loss of function of coupling-dependent but not coupling-independent functions, while the other mutants associated with HLD2 cause a loss of both coupling-dependant and coupling-independent functions.
Here, we report a homozygous GJC2 mutation (Arg98Leu) that was found in an adult with a subclinical leukodystrophy. In transfected cells, the Arg98Leu mutant did not affect the formation of morphologic GJ plaques, while functional studies show that pairs of cells expressing the Arg98Leu mutant showed decreased levels of coupling. On the other hand, higher levels of coupling were seen when the Arg98Leu mutant was paired with Cx43WT, suggesting that this mutation might disrupt O/O but not O/A coupling. These results support the hypothesis that mutations that result in partial loss of function of Cx47 cause milder CNS phenotypes.
Methods

Clinical and genetic methods
Clinical, neuroradiological, and neurophysiological investigations were performed in a routine manner. MR imaging was performed on a 3T scanner (Achieva; Philips Healthcare BV, Best, The Netherlands) using a 32-channel head coil. The imaging protocol included sagittal T1-weighted IR TSE images, axial T2-weighted TSE images and coronal FLAIR images. The GJC2 gene was sequenced as previously reported [29] . The effect of amino acid substitution was evaluated for pathogenicity prediction with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT (http://sift.bii.a-star.edu.sg/) software. All human studies have been approved by the appropriate ethics committee and have, therefore, been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Analysis of transfected cells
We generated the c.293G[T (Arg98Leu) GJC2 mutation by PCR site-directed mutagenesis using the QuikChange Ò II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA), from a human GJC2 cDNA sequence in pIRES2-EGFP (GenBank Accession Number AF014643), using the following oligonucleotide primers (the underlined codon encodes the altered amino acid Arg98Leu): 5 0 -ac gcc gtg cac cTc ctg gcc cgt gc-3 0 ; 5 0 -gc acg ggc cag gAg gtg cac ggc gt-3 0 , as previously described [29] , subcloned into pIRESpuro3 (Clontech, Mountain View, CA, USA), and the mutation was confirmed by sequencing at the Sequencing Core of the University of Pennsylvania.
Communication-incompetent HeLa cells (gift of Dr. Bruce Nicholson) were transiently transfected to express Arg98Leu or Cx47WT as previously described [29] . Cells were plated onto four-chamber glass slides (Nalge Nunc International, Rochester, NY, USA), and transfected with cDNA-expressing Arg98Leu or Cx47WT. After 2 days, cells were briefly fixed in 4 % paraformaldehyde, and immunostained with a rabbit antiserum raised against the C-terminus of human Cx47 (diluted 1:2,000), followed by a TRITC-conjugated donkey anti-rabbit antiserum secondary antibody (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA), and counterstained with DAPI. The cells were imaged using TRITC filters and a 639 objective on a Leica DMR fluorescence microscope with a Hamamatsu digital camera C4742-95 connected to a G5 Mac computer running Openlab 3.1.7, photographed under identical conditions and montaged prior to adjustment for brightness and contrast. Immunostaining was performed three times.
Human Cx43WT, Cx47WT, or Cx47Arg98Leu were subcloned into pIRES2-EGFP or pIRES2-DsRed and transiently transfected into confluent Neuro2a cells. Homotypic cell pairs were prepared by replating 1 day following transfection. For heterotypic cell pairs, transfected cells were washed and cells expressing a pIRES2-EGFP construct were mixed with cells expressing a pIRES2-DsRed construct in a 1:1 ratio. Coupling was assessed by dual whole cell patch clamping of cell pairs 6-48 h after replating as previously described [2] . Recording solutions used were as follows (in mM): pipette solution, 145 CsCl 2 , 5 EGTA, 1.4 CaCl 2 , and 5.0 HEPES, pH 7.2; bath solution, 150 NaCl, 4 KCl, 1 MgCl 2 , 2 CaCl 2 , 5 dextrose, 2 pyruvate, and 10 HEPES, pH 7.4. Heterotypic pairings between cells are shown as ''connexin expressed in cell 2/connexin expressed in cell 1''; normalized junctional conductance (G j ) junctional voltage (V j ) relations were determined from isolated pairs by measuring junctional current (I j ) responses in cell 2 following 12.5 s junctional voltage pulses (from -100 to 100 mV in 20 mV increments) applied to cell 1, and applying Ohm's law. Baseline junctional conductances were similarly determined by measuring instantaneous I j responses to ±40 mV V j pulses. Cytoplasmic bridges were excluded by demonstrating sensitivity of junctional conductance to application of octanol containing bath solution. For G j -V j plots, data were imported into Origin (Originlab, Northampton, CA, USA), and fit to a ''double Boltzmann'' equation of the form:
where G ss is the steady-state junctional conductance normalized to V j = 0, G max1 and G max2 are the maximal and 
Results
Clinical results
The proband was a 30-year-old Italian woman who came to our attention in April 2011 because of an abnormal brain MRI that had been obtained to evaluate one episode of malaise with skin pallor and sweating, brief partial loss of consciousness, and bladder and anal sphincter incontinence, without any evident triggering factor. There was no post-episode confusion. Some weeks later she reported a further, similar episode. Her past medical history was unremarkable. She is an only child with no known consanguinity between her parents. She obtained a college degree, and has been actively working for the last 6 years. Her neurological examination showed only a slight postural tremor of the fingers, and bilateral palmo-mental reflexes; her deep tendon reflexes were not pathologically brisk and plantar responses were flexor. Routine laboratory investigations were normal, including a B12 level, of 290 pg/ml (normal 180-900) and normal FT3, FT4, and TSH levels. At her 2-year follow-up visit, she has not developed any additional symptoms or signs. A brain MRI was obtained 1 year after the first MRI ( Fig. 1 ). It showed a diffuse and subtle hyperintensity of the cerebral white matter on T2-weighted images, including the posterior limb of the internal capsules and the cerebral peduncles. On T1-weighted images, the white matter appeared normally hyperintense. This pattern is consistent with a hypomyelinating leukoencephalopathy. There were also a few focal areas of more prominent T2 hyperintensity in the periventricular and subcortical white matter, thinning of the corpus callosum, more marked at the isthmus as well as mild cerebral and cerebellar atrophy. The pons, basal ganglia, thalami, and optic radiations were normal. No interval change was found between the first and second MRI.
Clinical neurophysiology was performed (Supplementary Table 1 ). Motor-evoked potentials (MEPs) were not replicable, but the central conduction times were normal. Visual-evoked potentials (VEPs) and somatosensoryevoked potentials (SEPs) revealed a slight central conduction delay, whilst in brainstem auditory-evoked potentials (BAEPs), there was a marked delay in wave III and V latency and I-V interpeak time. Her electroretinogram (ERG), and electromyography with nerve conduction studies were normal (not shown). EEG showed unstable activity with photic driving response to intermittent photic stimulation. Autonomic tests were negative for cardiovascular dysautonomia.
Genetic investigations
PLP1 mutations (both deletion/duplication and point mutations) had been previously excluded. Since we had previously found a homozygous GJC2 mutation in a patient who presented with complicated spastic paraplegia and MRI findings similar to those of this patient [29] , we sequenced this gene and found a new homozygous G to T transition at nucleotide 293 (c.293G[T) in exon 2 of the GJC2 causing a substitution of an arginine with a leucine (p.Arg98Leu) in the Cx47 protein. The mutation was heterozygous in the healthy parents and in the public single nucleotide polymorphism databases, including dbSNP (http://www.ncbi.nlm.nih.gov/ projects/SNP) and EVS (http://evs.gs.washington.edu/EVS), where it is present with a frequency of 1:12,989 alleles (MAF = 0.0077 %). Evolutionary comparisons using Ensembl (www.ensembl. org) showed that the Arginine 98 is highly conserved, and the p.Arg98Leu change scored very highly for likelihood to be deleterious according to ad hoc software for pathogenicity prediction: damaging for both Polyphen2 (p = 0.911) and SIFT (score = 0.02; deleterious when \0.05).
Cx47Arg98Leu forms functional GJs
To investigate whether the Arg98Leu mutant can form GJs, we transiently transfected communication-incompetent HeLa cells to express the mutant or Cx47WT. As shown in Fig. 2 , the Arg98Leu mutant formed GJ plaques at apposed cell borders; these cells were indistinguishable from cells expressing of Cx47WT. We obtained similar results in three separate experiments. Similar findings were obtained using transiently transfected Neuro2a cells (Supplementary Figure 1) .
To evaluate the electrophysiological properties of the Arg98Leu mutant, Neuro2a cells were transiently transfected to express Arg98Leu mutant or Cx47WT; the transfected cells were identified by their co-expression of EGFP or dsRed. As shown in Fig. 3 and Table 1 , pairs of cells both expressing Arg98Leu (in the pIRES2-EGFP vector) had *20-fold reduced levels of coupling compared to cell pairs expressing Cx47WT (in the pIRES2-EGFP vector). Cell pairs expressing an ''empty'' pIRES2-EGFP vector (iG) had an even smaller (*59-fold) average conductance than cell pairs expressing Arg98Leu although the comparison of pairs expressing Arg98Leu to those expressing only empty vector did not reach statistical pIRES2-dsRED vector) , the resulting conductances were also *15-fold less than for pairs of cells expressing Cx47WT (one cell of each pair was in the pIRES2-EGFP and the pIRES2-dsRED vector). These results show that the Arg98Leu mutant is less able to form functional channels with itself or with Cx47WT.
We also investigated the electrophysiological properties of the Arg98Leu mutant with Cx43WT, its likely heterotypic partner in O/A GJs. As shown in Fig. 3 and Table 1 , the conductance of Arg98Leu/Cx43 heterotypic pairs was not statistically significantly different than that of the Cx47WT/Cx43WT pairs, but was statistically greater than for cell pairs expressing empty vector alone.
The Arg98Leu mutant would have to reduce the single channel conductance *20-fold to account for the observed reduction in average macroscopic conductance. To assess this possibility, we examined the single channel conductance of the Arg98Leu mutant in both the homotypic configuration and when paired heterotypically with Cx43. We found that predominant unitary transitions for the homotypic channel (Fig. 4a) were roughly 48 pS and estimate the residual state at about 5 pS, similar to what we and others have found for the Cx47WT homotypic channels [27, 41] . As shown in Fig. 4b , the single channel conductance of the 43WT/47Arg98Leu channel shows minimal rectification, with a conductance of about 85 pS at -100 mV with respect to Cx43WT and about 75-80 pS at ?100 mV with respect to Cx43WT. This concords with our previous report for Cx43WT/Cx47WT channels [28] . Fig. 3 Junctional coupling for Cx47WT, and Cx47Arg98Leu (R98L) mutant and controls. Neuro2a cells were transiently transfected using pIRES2-EGFP (iG) or pIRES2-dsRed (iR) vectors to express wildtype Cx47WT (47WT), Cx47Arg98Leu (R98L), or Cx43WT (43WT). Homotypic R98L/R98L and heterotypic R98L/47WT pairs show substantially lower levels of functional coupling than seen for 47WT/ 47WT homotypic pairs. The coupling for the R98L/43WT heterotypic pairings is not significantly different than for the 47WT/43WT pairings; R98L/43WT is statistically significantly different than the vector only controls.*p \ 0.05, **p \ 0.01, ***p \ 0.001 Another possibility is that the Arg98Leu mutant shifts the voltage dependence of closure of the Cx47 hemichannel such that when two mutant hemichannels are apposed, one hemichannel from each cell-cell channel has a high probability of being in the fully or partially closed state. In such a case, the mutation should have significant effects on the G j -V j relations. We tested this hypothesis by applying a series of junctional voltages between cell pairs, and found that the Arg98Leu mutant produces a series of time-and voltage-dependent currents that, except in magnitude, are virtually indistinguishable from those previously reported for Cx47 WT [27] . Furthermore, when currents such as those shown in Fig. 5a are used to calculate steady-state conductances (described in the ''Methods''), the resulting G j -V j relation shown in Fig. 5b is nearly superimposable on that of Cx47WT. This is reflected in the Boltzmann parameters for the Cx47 WT and Arg98Leu homotypic channels shown in Table 2 . The only notable difference between the WT and the Arg98Leu mutant is a slightly lower G min for the latter. Similarly, the heterotypic Cx43WT/Arg98Leu pairing shows currents and G j -V j relation that is similar to those seen for Cx43WT/Cx47WT; Single channel recordings of Cx47Arg98Leu/Cx47Arg98Leu homotypic and Cx47Arg98Leu/Cx43WT heterotypic channels. The unitary conductance transitions for homotypic and Cx43WT/Cx47Ar-g98Leu heterotypic channels were determined by applying voltage ramps (V j , bottom panels) from ?100 to -100 mV to cell 1 (expressing Cx47Arg98Leu or Cx43WT) of poorly coupled cell pairs, and measuring the junctional currents (I j , upper panels) in cell 2 (expressing Cx47Arg98Leu). a The conductance the of Cx47Ar-g98Leu/Cx47Arg98Leu channel shows predominant unitary transitions for the homotypic channel of about 48 pS, similar to what we and others have found for the Cx47WT homotypic channels [27, 41] .
The residual state is difficult to estimate with certainty, because the number of active channels is not known with certainty but appears to be about 5 pS. b The single channel conductance of the Cx47Ar-g98Leu/Cx43WT channel shows minimal rectification, with a conductance of about 85 pS at -100 mV with respect to Cx43WT and about 75-80 pS at ?100 mV with respect to Cx43WT. Gating of the Cx43 hemichannel likely accounts for closures with negative V j (downgoing arrows), whereas gating of the Cx47 hemichannel likely accounts for closures when the polarity of V j is reversed (upgoing arrows), because both of these hemichannels have negative gating polarities. Traces were filtered at 150 Hz the limb of the G j -V j relation corresponding to the closure of the Cx47 hemichannel shows a slightly reduced G min as well as a small inward shift reflecting the tendency of the Arg98Leu hemichannel to close at slightly smaller negative V j than does the Cx47WT hemichannel. These findings are also reflected in the Boltzmann parameters shown in Table 2 .
Junctional conductance, g j is equal to [c s.c. 9 P o 9 n], where c s.c. is the single channel (unitary) conductance of the Cx47 cell-cell channel, P o is the average open probability of a Cx47 cell-cell channel, and n is the total number of junctional channels. c s.c. of the channel formed by Arg98Leu did not differ substantially from that formed by Cx47WT. The immunostaining of Neuro2a and HeLa cells expressing Cx47WT and Cx47Arg98Leu suggests that n, the total numbers of junctional channels is similar for Cx47WT and the Cx47Arg98Leu mutant.
The most straightforward explanation for reduced g j is that the Arg98Leu mutant reduces the P o of the Cx47 cellcell channel. Shifts in the P o -V j relationship (a common mechanism for reduced or absent coupling by mutant forms of connexins) would be reflected in alteration of G j -V j relations [1, 26, 29] , but G j -V j relations for Cx47Ar-g98Leu/Cx47Arg98Leu and Cx43WT/Cx47Arg98Leu pairings were nearly indistinguishable from those for Cx47WT/Cx47WT or Cx43WT/Cx47WT pairings, respectively.
Reducing the mean open time of active channels or increasing the mean closed times would both reduce P o , but neither one seems likely. First, although we did not formally assess these parameters, no qualitative differences were seen in recordings from cells pairs where unitary transitions could be observed; for alterations in these parameters to account for the 20-fold reduction in overall conductance, the effects would have to be very dramatic. Secondly, if the mutant simply induced a change P o , one would expect that the distributions of measured conductances for the Arg98Leu mutant pairs would be scaled to the ratio of P o (Arg98Leu)/P o (WT), leading to identical coefficients of variation and similar failure rates (failure rate here is defined as the proportion of cells showing no functional coupling). However, this is not the case. The coefficient of variation is 4.14 for the mutant and 1.04 for Cx47WT, and the failure rate for the mutant (16/30 vs. 1/13 for the WT) is significantly higher (p = 0.004 by Fisher's exact test). Reductions in P o may also arise from reduced efficiency of channel opening, a possibility we deal with in more detail in the ''Discussion''.
Discussion
Hypomyelinating leukodystrophies encompass a variety of rare diseases with different pattern of inheritance, and clinical onset usually during infancy or childhood. They include PMD and PMLD1, alias named HLD1 and HLD2, respectively, and other entities characterized by hypomyelination on brain MRI and congenital cataract (HLD5), extrapyramidal symptoms and atrophy of the basal ganglia and cerebellum (HLD6), hypogonadotropic hypogonadism and hypodontia (HLD7 and HLD8) [13] . A small subset of the inherited spastic paraplegias (SPG) is caused by mutations in some of the same genes--PLP1 (SPG2) and GJC2 (SPG44). These phenotypes may represent milder consequences of hypomyelination; alternatively, they may reflect axonal loss in response to abnormal myelination rather than demyelination per se [9] . The patient we report had a subclinical hypomyelinating leukodystrophy that is associated with a novel homozygous mutation in the GJC2. The Arg98Leu mutant can form functional channels that have mildly altered biophysical features. A subtle perturbation of Cx47 channels fits the minimal phenotype of the patient and thus extends the possible genotype-phenotype correlation that we previously suggested [29] --complete loss-of-function mutations cause PMLD1/HLD2, partial loss-of-function mutations cause SPG44, and the mildly altered function cause a subclinical leukodystrophy. Homozygous promoter mutations in GJC2 result in a phenotype between PMLD1/HLD2 and SPG44 [23, 30] . Promoter mutations may simply reduce expression of Cx47 leading to partial loss of function. However, experiments to determine effects of these mutations on expression levels have yielded conflicting results [7, 30] .
CMT1X, the most common X-linked form of the inherited peripheral neuropathy Charcot-Marie-Tooth disease, is caused by mutations in connexin 32, a gap junction protein expressed in the Schwann cell, the myelinating cell of the peripheral nervous system and in oligodendrocytes in the central nervous system. Many patients with CMT1X have subclinical abnormalities of VERs and BAERs [24, 25] ; a few patients have static, potentially asymptomatic white matter abnormalities and/ or static cerebellar [37] or corticospinal tract dysfunction [3, 14, 16, 18] . The clinical phenotypes in these cases appear to have some overlap with the milder forms of Cx47 associated disease and may reflect a similar underlying pathology. This is an appealing idea since at least one study [42] suggests that loss of Cx32 would have greater impact on loss of oligodendrocyte-oligodendrocyte than on oligodendrocyte-astrocyte coupling as is predicted to be the case with the Cx47R98L mutation. However, the results from another group do not show a significant role for Cx32 in oligodendrocyte-oligodendrocyte coupling [19] . In addition, some patients with CMT1X suffer from acute, transient neurological presentations accompanied by transient white matter abnormalities on MRI, often triggered by a stressor such as high altitude or fever [4, 8, 11, 12, 15, 31, 32, 34, 36, 39, 40] . To the best of our knowledge, this phenotype is not seen in patients with mutations in Cx47. Given the unique clinical phenotype of patients expressing the R98L mutation, we performed functional in vitro studies to examine the functional effects of the mutation. Though the mutant formed normal appearing gap junction plaques, cell pairs expressing the Arg98Leu mutant had reduced levels of total junctional conductance. As noted in the results section, the data suggest that the reductions in P o , the open probability of the R98L homotypic channel, arise due to reduced efficiency of channel function, a concept first investigated by Bukauskas and colleagues [6] . They recorded coupling between cells that were joined by gap junction plaques (formed by Cx43-EGFP fusion proteins) and found no junctional coupling until there were about 400 cell-cell channels. Thus, only about 0.25 % of the channels within that plaque were open at any given time. Comparisons of numbers of channels on Mauthner cell club endings observed by freeze fracture electron microscopy to numbers calculated from measured junctional conductances suggest that about 15 % of channels at those junctions are active [33] . This is a much higher number than that seen by Bukauskas et al. [6] , but is still only a small fraction of total channels available at the club endings. We propose that the Arg98Leu mutation reduces the efficiency of channel function to *1/20th that of Cx47WT. It is possible that a small part of the reduction in function may also be due to other mechanisms outlined above. What might account for a reduced efficiency of gating in the Arg98Leu mutant? Gating of connexins is generally conceived of as a voltage-dependant process. However, the transition from closed channel to open channel may have both voltage-dependent and voltageindependent steps. In the case of the Arg98Leu mutant, the voltage-independent barrier to opening may be increased while the voltage-dependent barrier, reflected in the wildtype like G j -V j relations, is essentially unaltered.
Interestingly, the apparent reduced efficiency of the Cx47Arg98Leu/Cx47Arg98Leu homotypic channel seems, at least in part, corrected by heterotypic pairing of Cx47Arg98Leu with Cx43WT. As shown in Fig. 4 , Cx47Arg98Leu/Cx47Arg98Leu pairs express at a level that is significantly higher than for pairs expressing Cx47Ar-g98Leu/Cx47Arg98Leu homotypic channels. Coupling between oligodendrocytes is mediated, at least in part by Cx47 homotypic channels [20, 42] , while oligodendrocyteastrocyte coupling is partially dependent on Cx47/Cx43 heterotypic channels [28] . Thus, we suggest that the phenotype seen in this patient may reflect the effects of reduced oligodendrocyte-oligodendrocyte coupling with preservation of oligodendrocyte-astrocyte coupling. One possible explanation for this disparity is that heterotypic pairing of Cx47 with Cx43 stabilizes the mutant in a way that is not the case with pairing of homotypically paired Cx47. Recent work by May and colleagues [21] suggests one possible molecular mechanism for this stabilization. May et al. found that in a mouse lacking Cx32 expression in all cells and Cx43 expression in astrocytes, thus eliminating heterotypic O/A coupling, levels of Cx47 expression were dramatically reduced, and that this reduction was accompanied by reduced phosphorylation of Cx47. In contrast, mice lacking Cx32 expression but expressing a non-channel forming mutant of Cx43 showed a normal magnitude and phosphorylation pattern of Cx47. They suggest that formation of heterotypic docking of Cx47/ Cx43, even without channel formation, may induce conformational changes in Cx47 which allow for phosphorylation of Cx47, which in turn stabilizes the protein. Though our experiments on the Cx47R98L mutant were performed in an exogenous expression system where both homotypic and heterotypic wild-type channels produce robust coupling, the general principle of enhanced stabilization of the Cx47R98L mutant in the heterotypic over the homotypic configuration may apply here as well.
What might account for the clinical phenotype in patients with the Cx47R98L mutation? It is well accepted that connexins provide metabolic or electrical coupling pathways between cells [17] . Glial coupling creates a dynamic, regulated cellular network [10] . One possible role for such a network is cell signaling, for example, via enhanced propagation of Ca 2? waves (See [35] for more detail). Glial gap junctions may provide reflexive coupling between adjacent loops of non-compact myelin [5] . Work by Menichella et al. [22] supports the hypothesis that oligodendrocyte Cx32 and Cx47 are involved in spatial buffering of K ? during neuronal activity. Loss of one or more of these functions could have detrimental effects on myelination.
